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Wound healingTissue regeneration is fundamental for multi-cellular organisms to maintain their integrity, but the
competence of tissue restoration is different depending on tissues, species, and ages. In spite of the recent
progresses of the molecular basis of regeneration, little is known about its regulative processes. We
previously identiﬁed the junb and junb-like (junbl) as transcripts induced in response to tissue injury in
zebraﬁsh. It has been demonstrated that the mammalian JunB is not phosphorylated by the Jun N-terminal
kinase (JNK) due to the absence of a target site. Here, we show that the zebraﬁsh Junb proteins retain the
target site and are phosphorylated by the JNK. Signiﬁcantly, we found that the phosphorylated Junb proteins
(pJunbs) are necessary for adult and larval tissue regeneration, suggesting that the regulation of Junb
proteins by phosphorylation is one of the molecular bases for the higher regeneration ability in zebraﬁsh. We
also show that the prolonged expression of junbs and their protein phosphorylation by the JNK after the
wound healing stage are the unique and necessary features for regeneration. Thus, our data suggest that the
transcriptional and post-transcriptional controls of junbs and their protein products are the important
regulative steps that enable tissue regeneration in zebraﬁsh.ami).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
One of the outstanding features of multicellular organism is that
they can maintain their body and tissue architecture throughout their
life time in spite of the continuous cell replacement by physiological
turnover and tissue damage. During such processes, tissues sense
their body mass and morphology and control the amount of cell
supply and their morphogenesis by a tissue homeostatic mechanism
that is largely yet undeﬁned (Iovine, 2007). A striking example of
tissue homeostasis is the epimorphic regeneration seen in some lower
vertebrates such as urodeles and ﬁsh, by which they reform large
body parts such as limbs and tail without the prior presence of
morphological cues (Brockes et al., 2001; Slack, 2003; Han et al.,
2005). Though mammals have the principal ability to maintain their
bodies, they cannot reform tissues when large parts are lost. In
contrast to mammals, urodeles and ﬁsh retain an unusually high
ability for the regeneration of a variety of tissues including the ﬁn,
retina, lens, scale, heart, and spinal cord (Poss et al., 2003; Akimenko
et al., 2003; Nakatani et al., 2007; Poss, 2007). Such differences in
regeneration ability might be due to the loss of key molecule(s)
during evolution or to the different protein activities and/or
regulative processes of the involved molecules depending on the
species, tissues, and ages.Upon large tissue injuries, instead of regeneratingde novo tissues, the
mammalian tissues form a scar, which is an incompletely repaired state
where the lost part is replaced with dense collagen matrix and poorly
reconstituted connective tissue by way of the formation of granulation
tissue (Gurtner et al., 2008). However, the regeneration-competent
tissues of ﬁsh and urodeles never form scars and perform a complete
tissue restoration process (Keating, 2004). What factors determine and
promote the complete tissue restoration in ﬁsh and urodeles? Many
classical studies have established that epimorphic regeneration requires
two crucial cell populations for regeneration, the blastema and the
wound epidermis (Akimenko et al., 2003). Recent studies have also
revealed that the blastema and wound epidermis are not uniform cell
populations, but are subdivided into several cellular compartmentswith
distinct gene expressions and functions (Nechiporuk and Keating, 2002;
Smith et al., 2006; Lee et al., 2009; Yoshinari et al., 2009). These cellular
components and their interactions are thought to have important roles
for the initiation and progression of regeneration. As well as the cellular
basis, studies using differential display and microarray analyses have
also been performed in medaka and zebraﬁsh, and have identiﬁed a
number of response genes and the involved signaling pathways such as
Wnt, Fibroblast growth factor (Fgf), and Hedgehog (Hh) (Poss et al.,
2003; Iovine, 2007; Nakatani et al., 2007; Stoick-Cooper et al., 2007a,b).
However, despite such progresses in our understanding of cellular and
molecular bases, it is still an open question as to why lower vertebrates
have higher regeneration ability.
In the previous study, we have identiﬁed the zebraﬁsh Junb and
Junbl as molecules highly expressed in the regenerating ﬁn and ﬁnfold.
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c-Jun, c-Fos, and JunB, which are often termed immediate early genes, is
induced within an hour in response to tissue trauma and transiently
expressed (Honkaniemi et al., 1995; Broude et al., 1997; Cho et al., 2000,
2004). The products of the Jun family genes are the components of the
activator protein-1 (AP-1) transcription complex and regulate a number
of target genes. In particular, c-Jun has been shown to be one of the
strong oncogenes that promote cell proliferation and tumorigenesis
(Vogt, 2001; Hess et al, 2004; Eferl and Wagner, 2003). However, in
contrast to the apparent function of c-Jun, the function of mammalian
JunBhas been controversial. It has been suggested that JunB antagonizes
the function of c-Jun by acting as a dimerization partner of c-Jun
(Piechaczyk, and Farràs, 2008), in which antagonism is probably due to
the lack of the phosphorylation sites by the JNK in themammalian JunB
(Kallunki et al., 1996). However, it is also suggested that JunB actually
functions as both a positive and negative transcriptional regulator and
has a cell division-promoting activity under certain circumstances
(Piechaczyk, and Farràs, 2008). A series of recent studies have revealed
the functions of Jun proteins in cell proliferation and inﬂammatory
responses of the skin (Zenz and Wagner, 2006).
Here, we show that the zebraﬁsh junb and junbl genes are
immediately induced upon tissue injury as in the mammalian c-Jun
and JunB. Unlike the mammalian JunB, we show that the zebraﬁsh
Junb family proteins are phosphorylated in response to injury, and
that these phosphorylated forms are maintained until later stages and
necessary for ﬁn and ﬁnfold regenerations. Moreover, their phos-
phorylation became JNK dependent after the early wound healing
stage and the functions of later pJunbs are necessary for regeneration.
From these results, we propose that the transcriptional and post-
transcriptional regulations of Junb and Junbl by the JNK regulate the
initiation and progression of regeneration in zebraﬁsh.
Methods
Fish husbandry and ﬁn amputation
Zebraﬁsh (Danio rerio) wild-type strains, TL and AB, were
maintained in a re-circulating system with a 14 h/day and 10 h/
night cycle at 28.5 °C. Finfold amputation was performed as
previously described (Kawakami et al., 2004). Brieﬂy, zebraﬁsh larvae
at 2 dpf were anesthetized with 0.05% tricaine (3-aminobenzoic acid
ethyl ester, Sigma), and the ﬁnfolds were amputated with a razor
blade at a position caudal to the posterior end of the notochord.
Amputated larvae were incubated in egg water (0.06% artiﬁcial
marine salt, 0.0002% methylene blue) and subjected to the desired
analyses at appropriate time points. Experiments for adult ﬁn
regeneration were performed by using 3- to 10-month-old adult
zebraﬁsh. For adult caudal ﬁn amputation, ﬁsh were anesthetized
with tricaine; and their caudal ﬁns were cut with a razor blade. These
ﬁsh were returned to the aquarium and allowed to regenerate their
ﬁns. The ﬁns were collected at appropriate time points for further
analysis.
Whole-mount in situ hybridization (ISH) and histological analysis
Whole-mount ISH was performed according to the procedure
described (Thisse and Thisse, 2008). After staining, the tissues were
ﬁxed with 4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS) for color preservation, equilibrated with 80% glycerol, and
mounted on slide glasses for taking photographs. For making sections,
stained tissues were embedded in Tissue-Tek compound (Miles) and
cross-sectioned at 12–16 μm using a cryostat. Probes used in this
study were previously described (Yoshinari et al., 2009), except the
c-jun and jund probes. The c-jun and jund coding sequence (GenBank
NM_199987 and NM_001128342, respectively) was PCR-cloned by
using the following primers: c-jun (5′-ATGTCTACCAAGATGGAAAC-3′,5′-GAAGGTTTGCAGCTGTTGTG-3′); and jund (5′-TTAGTACGCCTG-
CACGGTGTT-3′, 5′-TGCTGGCGGAGCTGACGGAG-3′).
Transfection and Western blot analysis
Respective coding sequences of c-jun, junb, and junbl were
subcloned into pcDNA3.1-his/V5 (Invitrogen). The transfection of
HEK293T cells was performed with Lipofectamine (Invitrogen).
Transfected cells were incubated for 2 days, and ﬁxed with 4%
paraformaldehyde for antibody staining or collected for Western blot
analysis. The ﬁxed cells were stained with anti-V5 antibody (1:500
dilutions, Invitrogen) and anti-phospho-c-Jun (Ser73) antibody (anti-
pJun; 1:400 dilutions, Cell Signaling Technology) in combination with
Cy3-conjugated anti-mouse and Alexa488-conjugated anti-rabbit
antibodies (Invitrogen), respectively. For Western blot analysis,
collected cells were dissolved in SDS-sample buffer containing 0.1 M
DTT, separated on a SDS-polyacrylamide gel (12%), and blotted onto a
membrane ﬁlter. Approximately 1/10 of a sample from a 35-mm dish
was loaded per lane. The V5 epitope and pJunwere detectedwith their
respective antibodies in combination with horseradish peroxidase
(HRP)-conjugated anti-rabbit antibody and alkaline phosphatase
(AP)-conjugated anti-mouse antibody, respectively. The HRP signal
was visualized by the use of an Immobilon Western chemilumines-
cence kit (Millipore).
Antibody staining
Zebraﬁsh larvaewereﬁxedwith 4% PFA in PBS at 4 °C for overnight,
washed 3 times with PBS supplemented with 0.1% Triton X-100
(PBTx), and dehydrated with methanol. Stored samples at −30 °C
were rehydrated with PBTx and blocked with blocking buffer (5%
serum and 0.2% BSA in PBTx) for 2 h at room temperature.
Subsequently, the samples were reacted overnight with the anti-
pJun antibody (1:300 dilutions in the blocking buffer) at 4 °C.
Following extensive washing with PBTx (10 min×6 times) at room
temperature, the samples were incubated overnight with Alexa488-
conjugated anti-rabbit antibody at 4 °C. After extensive washing with
PBTx again, the tail regions were dissected and mounted on slide
glasses in 80% glycerol containing 2.5% 1,4-diazabicyclo [2,2,2] octan
(DABCO, Nacalai Tesque) as an anti-fading reagent. Note that a
background staining caused by the secondary antibody was often
observed in the notochord and spinal cord regions of larvae. Images
were acquired by confocal microscopy. For staining with β-catenin
(Sigma C2206) or phalloidin, sampleswere reactedwith the β-catenin
antibody (1:1500 dilutions) or Alexa568-conjugated phalloidin
(1:1000 dilutions; Invitrogen) at 4 °C for overnight.
Chemical inhibitors
Small molecule inhibitors used in this study were the following:
JNK inhibitor, SP600125 (Tocris); P38 inhibitors, SB202192 (Calbio-
chem) and SB431542 (Tocris); MEK1/2 inhibitor, U0126 (Tocris).
Inhibitors were dissolved in dimethylsulfoxide (DMSO) at 10 mM,
stored at −30 °C, and diluted with egg water to their respective
working concentrations. For control experiments, DMSO was used at
the same dilution in the egg water. The egg water containing inhibitor
was replaced every day for long-term application to adult ﬁsh. For
short-term treatment within 3 h, inhibitor treatment started at least
1 h before amputation.
Cell proliferation analysis
The cell proliferation analysis was conducted on the regenerating
ﬁnfold tissue after labeling with BrdU for 6 h starting from 6 hpa or
12 hpa. After 6 h of incubation in 5 mM BrdU at 28.5 °C, the larvae
were ﬁxed in 4% PFA for 2 h at room temperature (RT). The ﬁxed
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Immunochemical detection was performed as described previously
(Yoshinari et al., 2009). The BrdU-labeled cells were quantiﬁed from
the acquired confocal images. Though the induction of cell prolifer-
ation in response to amputation was observed in a wide area
extending anterior to the notochord end, we only counted the area
posterior to the notochord end to exclude the cell proliferation
associated with normal growth.
Statistical analysis
Calculations were made in Microsoft Excel. Pooled data were
calculated as mean±SEM, with number of samples as indicated.
Pairwise comparison was performed by the Student's t test.
Injection experiment
Injections were performed according to a standard procedure.
Fertilized zebraﬁsh eggs were dechorinated with pronase (Roche) and
microinjected at the 1-cell stage. Morpholinos used in this study are:
junb-MO (5′-GGCTGCTCCATTTTTGTACTCATAG-3′); and
Junbl-MO (5′-CGGTTGCTCCATTTTTGTTGACATG-3′).
The MOs against junb and junbl were purchased from the Open
Biosystems, and the standard control MO from the Gene Tool.
Apoptosis analysis
The TUNEL analysis was conducted on the regenerating ﬁnfold
tissue after ﬁxation with 4% PFA overnight at 4 °C. The samples were
washed 3 times with PBTx, dehydrated with methanol, and stored at
−30 °C. An in situ apoptosis detection Kit (Roche) was used for
detecting the apoptotic cells. Brieﬂy, the dehydrated larvae were
rehydrated with PBTx and then treated with 10 μg/ml Proteinase K in
PBTx for 3 min at room temperature, washed with PBTx, and reﬁxed
with 4% PFA in PBS for 20 min. The samples were further incubated inFig. 1. Activation of jun-family gene transcription during regeneration. (A–I) Expression of junb
(G–I) of larval ﬁnfold regeneration. (J–L) Expression of junb (J), junbl (K), and c-jun (L) genes
mounts (left panels), and their cellular localizations were assessed in sections (right panels). Ta freshly prepared solution containing 0.1% sodium citrate and 0.1%
Triton X-100 on ice for 15 min, washed with PBTx (5 min×3 times),
and reacted in 40 μl of the TUNEL reaction mixture at 37 °C for 1 h.
After washing with PBTx, the samples were mounted under 80%
glycerol and observed under a ﬂuorescence microscope.
Results
Expression and maintenance of jun family genes in wound healing and
regeneration
We previously identiﬁed the zebraﬁsh junb and junbl as genes
induced in the wound epithelium and blastema, respectively, during
regeneration (Yoshinari et al., 2009). In mammalian tissues, c-Jun and
JunB are known as immediate early genes that are transiently induced
in response to trauma and implicated in the epithelial wound healing
and inﬂammatory reactions in the skin (Zenz et al., 2008). To examine
the role of zebraﬁsh junb and junbl in the wound healing and
regeneration, we observed the temporal expression of jun family
genes including c-jun, junb, junb1 and jund in the amputated zebraﬁsh
larval ﬁnfold. Similar to the expression of mammalian Jun and JunB
genes after tissue trauma, 3 zebraﬁsh jun family genes, c-jun, junb and
junbl, were expressed as early as 30 min post amputation (mpa)
(Figs. 1A–F); whereas the expression of jund was never observed
during regeneration (data not shown). Like the immediate early
expression of mammalian Jun genes, the zebraﬁsh c-jun was down-
regulated by 3 h (Fig. 1I). This stage of c-jun down-regulation
occurred at the same stage when the epithelial tissue contraction by
the F-actin purse string was terminated and the wound was covered
with epithelial cells (Kawakami et al., 2004; our unpublished
observation). Therefore, it is suggested that the early wound response
and epithelial wound healing can be demarcated from the successive
stage by the expression of c-jun.
In contrast to a transient induction of mammalian JunB, we
observed that the expression of zebraﬁsh junb and junbl was
maintained until the regeneration stage (Figs. 1G, H; Yoshinari et al.,
2009). We also examined the expression of other regeneration-(A D, D, G), junbl (B, E, H), and c-jun (C, F, I) at uncut 0 hpa (A–C), 0.5 hpa (D–F) and 3 hpa
at 12 hpa of adult ﬁn regeneration. Respective gene expressions were detected in whole-
he scale bar represents 100 μm in (A) and (J, left panel), and 30 μm in (J, right panel).
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and afterward (Supplementary Fig. 1), suggesting that regeneration
takes place after 3 hpa. Thus, the ﬁsh junb and junbl are the earliest
genes whose expressions start during the wound healing stage and
maintain until the regeneration stage. We conﬁrmed that a similar
regulation of junb and junbl were also seen during the adult ﬁn
regeneration (Figs. 1I, K), in which the early expression of c-jun was
down-regulated by 12 hpa (Fig. 1L).
It is also noteworthy that the expression domains of junb family
genes apparently extended to broader regions during the early stage
comparing to those at 3 hpa and afterward (Figs. 1D, E, G, H),
suggesting that cells expressing these genes change according to
stages. This was more clearly observed in the adult regenerates, in
which the initiation and progression of gene expression was slower
than those in larvae. In the adult regenerates, both of junb and junbl
were expressed in the epidermal region around the ﬁn stump (Figs. 1I,
K; respective right panels), which is in contrast to the later
expressions of junb and junbl at 2 dpa in the apical epidermal and
mesenchymal regions, respectively (Yoshinari et al., 2009). Taken
together, our analysis suggests that the tissue restoration process is
divided into 2 distinct phases, an early response including the
epithelial wound healing and the successive regeneration step in
which a characteristic gene expression and tissue restoration begin.
Phosphorylation of Junb proteins in response to tissue injury
In many species including mammals and birds, only 1 copy of the
JunB gene has been identiﬁed. However, an additional copy, termed
junbl, exists in ﬁsh species including zebraﬁsh and medaka. The Junb
and Junbl proteins have a high sequence homology with those of
mammalian JunB proteins (Supplementary Fig. 2A; 54.1% and 51.2%,
respectively, with the mouse JunB). In particular, higher homologies
were seen in the N-terminal trans-activation domain and the
C-terminal leucine zipper domain (Vinson et al., 2002), implying a
conserved function of JunB proteins through evolution.
On the other hand, we found a critical difference between the
amino acid sequences of the zebraﬁsh and mammalian Junb proteins.
It has been shown that the mammalian JunB protein is not
phosphorylated by the Jun N-terminal kinase (JNK) due to the lack
of consensus phosphorylation sites (Kallunki et al., 1996). However,
the zebraﬁsh Junb proteins retain 1 of the 2 phosphorylation sites in
the c-Jun. Intriguingly, the same consensus site is conserved in many
ﬁsh species as far as the sequence information can be obtained, but
not in Xenopus frogs (Supplementary Fig. 2B). The conserved
phosphorylation consensus site raised a possibility that the ﬁsh Junb
and Junbl proteins could be phosphorylated by JNK.
Indeed, we obtained a staining with an antibody against the
phosphorylated Jun protein (pJun) in the amputated zebraﬁsh larval
ﬁnfold (Fig. 2B) and adult ﬁn (Figs. 2C, D). An apparent pJun staining
appeared as early as 1 min after amputation (Fig. 2B), whereas no
signal was detected in uncut ﬁnfold. Such a rapid appearance of pJun
is possibly due to the prompt mRNA synthesis by the engaged
polymerase trapped immediately downstream of promoters (Price,
2008) and/or a ubiquitous presence of a low level of Jun proteins
(Piechaczyk and Farràs, 2008). The anti-pJun staining during
regeneration was restricted to the epithelial region adjacent to the
stump during the early phase (Figs. 2B, C), but shifted to the blastema
cells at later regeneration stages (Figs. 2B, D).
As the mRNA expressions of c-jun, junb and junbl overlapped to
each other, it was unclear which Jun proteins reacted with the anti-
pJun antibody. We expressed the respective zebraﬁsh Jun proteins in
cultured cells and conﬁrmed that the antibody detected all of c-Jun,
Junb and Junbl proteins (Figs. 2E, F). Moreover, the anti-pJun staining
was conﬁned to a narrower region within the domains of c-jun, junb
and junbl mRNA expression (compare Fig. 2B with Figs. 1D–F),
indicating that the antibody detected subsets of c-Jun, Junb and Junblproteins. Hence, it is likely that the antibody detected the phosphor-
ylated form of Jun proteins. Furthermore, as we show in the following
section, the anti-pJun staining at 12 hpa was down-regulated by the
JNK inhibitor in spite of the presence of junblmRNA (Figs. 3B, F). This
clearly indicates that the anti-pJun antibody detects the phosphory-
lated Junbl protein.
Taken together, it is suggested that the phosphorylation of
zebraﬁsh c-Jun, Junb and Junbl proteins indeed occurred in vivo in
response to the tissue trauma. Taking the temporal and spatial
expressions of these jun genes into account (Fig. 1), the phosphor-
ylated forms of Junb and Junbl are maintained in the epithelial and
mesenchymal regions, respectively, during the regeneration stage.
JNK-dependent Junb family protein phosphorylation is required for
regeneration and cell-cycle activation
Given the expression of junb family genes and the phosphorylation
of their protein products during the regeneration stage, we next asked
whether or not the Jun protein phosphorylation is necessary for
regeneration. As the JNK is a major kinase that phosphorylates Jun
proteins (Weston and Davis, 2002), we used a small molecule
inhibitor, SP600125, to knockdown the activity of JNK (Bennett et
al., 2001). The inhibitor apparently suppressed regeneration of the
larval ﬁnfold (Fig. 3A) and adult ﬁn (Fig. 3D) accompanied by a
consistent down-regulation of Junb and Junbl phosphorylation
(Figs. 3B, E), suggesting that the phosphorylation of Junb and Junbl
proteins by the JNK is a necessary step for regeneration.
To further explore the effect caused by the JNK inhibition, we
evaluated the formation of the blastema and wound epithelium by
examining the expression of regeneration-induced genes as markers.
The gene expression at the early regeneration stage was not affected
by the JNK inhibitor (Fig. 3F), suggesting the normal formation of the
blastema andwound epithelium in the presence of inhibitor. However
at 12 hpa, the expression of epithelial genes, junb and dlx5a, was
down-regulated, while the blastema gene junbl was maintained
(Fig. 3F). As far as we inspected at the histological level, the inhibitor
did not disrupt the wound epithelium in the larval ﬁnfold or adult ﬁn
(data not shown; Fig. 3E). Hence, the absence of epithelial gene
expression was due to the regulation of gene expression in the wound
epithelium.
We next wanted to determine which process of regeneration was
impacted by the JNK inhibitor. As the Jun family proteins are potent
regulators of cell-cycle proteins (Zenz and Wagner, 2006), we
suspected that the JNK inhibitor could affect the cell cycle activation
of blastema cells. By bromodeoxyuridine (BrdU) incorporation, we
observed that the JNK inhibition impaired the regeneration-associat-
ed cell proliferation (Figs. 4A, B), whereas the inhibitor did not affect
the overall BrdU incorporation in other body regions (Supplementary
Fig. 3), indicating that the JNK inhibitor impacted the regeneration-
speciﬁc cell cycle activation. To further conﬁrm the coincidence of Jun
phosphorylation with the regenerative cell proliferation, we exam-
ined the co-localization of pJun with the proliferating cell nuclear
antigen (PCNA), a marker for cells in early G1 and S phases of the cell
cycle, in the adult ﬁn blastema cells (Fig. 4C). Most of anti-PCNA
staining, if not all, overlapped with the anti-pJun staining, indicating
that the Jun phosphorylation, in particular the Junbl phosphorylation,
is associated with the regenerative cell proliferation. Thus, these data
suggest that the JNK-pJunbl signaling in the blastema is a major target
of the JNK inhibitor action that links to the observed regeneration
defect.
As well as the role in Jun phosphorylation, the JNK signaling has
also been implicated in cellular apoptosis (Liu and Lin, 2005; Weston
and Davis, 2007). To see a JNK inhibitor effect on cell survival, we
performed the TUNEL staining of regenerating ﬁnfold in the presence
or absence of the JNK inhibitor. But, we did not see any increase of
apoptosis throughout the course of regeneration (Supplementary
Fig. 2. Phosphorylation of Jun proteins during the ﬁnfold and ﬁn regenerations. (A) Comparison of amino acid sequences around the phosphorylation target site (Kallunki et al.,
1996) of the human cJUN (GenBank NP_002219) with the corresponding regions of Junbs from human (GenBank CAG33122), mouse (AAA74916), and zebraﬁsh (Junb, NM_213556;
Junbl, NM_212750). (B) Anti-pJun antibody staining of regenerating larval ﬁnfold. Staining was not seen in the uncut ﬁnfold, but was detected (arrows) from 1 mpa to stages later
than 24 hpa. Note that the signal was limited in cells close to the amputation plane within the domains of mRNA expression (see Figs. 1D–F). At 24 hpa, the signal was localized in the
mesenchymal cells corresponding to the blastema cells expressing the junbl gene. (C, D) Anti-pJun antibody staining during adult ﬁn regeneration at 6 hpa (C) and 2 dpa (D). At
6 hpa, the signal was observed in the epidermal cells; however at 2 dpa, the signal was localized in the growing blastema cells. Arrowheads in (D) mark the site of amputation.
(E) Detection of the V5-tagged zebraﬁsh c-Jun, Junb and Junbl proteins expressed in HEK293T cultured cells with anti-pJun antibody. The weak ﬂuorescent signal for anti-pJun in the
untransfected cells (top row) reﬂects the endogenous human JUN proteins. The expressed ﬁsh c-Jun, Junb and Junbl proteins were reactive with the anti-pJun antibody. (F) Western
blot analysis of expressed zebraﬁsh Jun proteins. The lower band in the right side panel (solid arrowhead) represents the endogenous human Jun proteins. The open arrowhead
indicates the zebraﬁsh Jun proteins that reacted with anti-V5 and anti-pJun antibodies. The scale bar represents 100 μm in (B) and (C, left panel), and 30 μm in (C, right panel).
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by the JNK inhibitor.
Roles of Junb and Junbl for regeneration
To further evaluate the respective roles of Junb and Junbl during
regeneration, we performed a knockdown experiment using anti-
sense morpholino oligonucleotides (MOs). By injection of the junb or
JunblMOs into fertilized eggs, we conﬁrmed that the phosphorylationof Junb and Junbl was signiﬁcantly decreased in the respective
expression domains of the regenerating ﬁnfold (Figs. 5A, B).
Furthermore, injection of a combination of junbl and junb MOs into
fertilized eggs abolished the pJun staining (Fig. 5C), indicating that the
respective MOs successfully down-regulated the Junb and Junbl
proteins. This was further conﬁrmed by the Western blot analysis of
proteins from larvae (Fig. 5I). Though the injections of respective MOs
did not produce severe developmental and morphological abnormal-
ities (data not shown), the embryos injected with both junb- and
Fig. 3. Necessary roles of Jun protein phosphorylation by JNK for regeneration. (A) Impairment of ﬁnfold regeneration by inhibiting JNK signaling with SP600125 (5 μM), but not by
the vehicle, DMSO (0.05%). (B) Down-regulation of Jun phosphorylation by the JNK inhibitor at 12 hpa. Arrows indicate the regeneration-dependent anti-pJun staining (left panel)
and suppression by the inhibitor treatment (right panel). (C) Quantiﬁcation of ﬁnfold regeneration. Regeneration was evaluated by the ﬁnfold length posterior to the notochord.
Data are presented as the mean±SEM. Statistical signiﬁcance was tested by using Student's t-test. *Pb0.001. (D) Suppression of adult ﬁn regeneration by the JNK inhibitor at 4 dpa.
(E) Down-regulation of Jun phosphorylation by the JNK inhibitor in adult ﬁn regeneration at 2 dpa. Arrowheads in (D) and (E) indicate the site of amputation. (F) Whole-mount in
situ hybridization analysis for the expression of the blastemamarker, junbl, and the wound epitheliummarkers, junb, and dlx5a at 3 hpa and 12 hpa in the presence (upper panels) or
absence (lower panels) of the JNK inhibitor (10 μM). The gene expression was unaltered by the JNK inhibitor during the early stage. However, the later expression of epithelial genes,
junb and dlx5a, at 12 hpa was down-regulated (arrows; n=12 and 10, respectively) in spite of the maintained expression of junbl in the blastema. Respective gene expressions were
conﬁrmed by using more than 10 larvae for each probe. The scale bar represents 50 μm in (A), (B) and (F), and 100 μm in (D) and (E).
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which possibly reﬂects an overlapping function during embryonic
development.
When regeneration was evaluated in these morphants at 3 dpa,
the Junbl morphants exhibited a severe impairment of regeneration
accompanied by a characteristic concave ﬁnfold morphology (Fig. 5E),
which was nearly identical with that caused by the JNK inhibitor
(Fig. 3A). Hence, the result is consistent with the suggestion that the
regeneration defect caused by the JNK inhibitor is mediatedmainly by
the Junbl in the blastema (Figs. 3E, 4C).
In contrast to the severe phenotype by the junbl MO, the junb
knockdown displayed a mild, but a signiﬁcant malformation of
regenerates (Figs. 5F, J). The phenotype produced by the junb
knockdownwas distinct from that obtained by the junblMO injection.
Because the junb expression is conﬁned to the apical epidermal cellsduring the regeneration stage (Yoshinari et al., 2009), such a mild
effect may reﬂect the role of junb in the epithelial cells and an indirect
effect on regeneration. Such independent roles of junbl and junb
during regeneration were further supported by the double knock-
down experiment. The phenotype produced by the junbl and junb
double knockdown was almost identical with that of the junbl
knocked down larvae and did not show a synergetic effect (Figs. 5G, J).
To further evaluate the formationof blastemaandwoundepithelium
inmorphants,we examined theexpression of junbl, junb and dlx5a. As in
the larvae treated with the JNK inhibitor, these gene expression in the
junblmorphant was unaffected at early (3 hpa) and late (12 hpa) stage
of regeneration (Supplementary Figs. 5A, C, F, H, K, M), suggesting that
the formation and maintenance of the blastema and wound epithelium
wasnormal in the absence of Junbl function. On the other hand, as in the
larvae treated with the JNK inhibitor, the junb morphant did not
Fig. 4. Phosphorylation of Jun proteins by JNK is required for blastema cell proliferation. (A) Decreased regenerative cell proliferation caused by the JNK inhibitor (JNK-i), but not by
the vehicle (DMSO). Cell proliferation was detected by BrdU incorporation at 6–12 hpa, 12–18 hpa, and in the uncut ﬁnfold. As the regeneration-dependent cell proliferation
overlaps with the growth-dependent one that gives rise to the adult-type ﬁn rays (arrowheads), scoring was done in the region within approximately 50 μm from the amputation
plane and/or posterior to the notochord end (bracketed areas). Note that the inhibitor treatment did not affect the growth-associated BrdU incorporation. (B) Quantiﬁcation of
regeneration-dependent cell proliferation. The JNK inhibition signiﬁcantly reduced the regeneration-dependent cell proliferation, but not the growth-associated one seen in the
uncut ﬁnfold. Error bars depict standard error of the mean (SEM). *Pb0.01. N.S., not signiﬁcant. (C) Localization of pJun protein in proliferating blastema cells. Whole-mount
preparation of adult regenerates at 2 dpa was double-stained with anti-pJun and anti-PCNA antibodies. Most of the PCNA-positive proliferating cells (G1∼S phase of cell cycle) were
also pJun positive. Arrowheads indicate the plane of amputation. The scale bar represents 50 μm in (A) and (C).
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tary Figs. 5N, O),while the initial junb expressionwas normally initiated
(Supplementary Figs. 5B, G, L). The phenotype of epithelial gene down-
regulation in the junbmorphant is identical with that caused by the JNK
inhibitor (Fig. 3E), therefore it appears that the later epithelial gene
transcription is mediated by pJunb. Taken together, the gene knock-
down experiment revealed that Junbl and its phosphorylation by JNK
are required for the regenerative cell proliferation of the blastema cells,
while pJunb has a role for maintaining the epithelial gene expression
and proper morphological restoration.
JNK-dependency deﬁnes the initiation of regeneration
We have shown that the JNK signaling and pJunbs were necessary
for regeneration. It is known that JNK signaling is also crucial for both
naturally occurring and wound-activated tissue movements such as
the dorsal closure in Drosophila and eyelid fusion in the mouse fetus
(Martin and Parkhurst, 2004), which raises the possibility that the JNK
inhibition might affect the wound closure during the immediate early
stage and damage tissue regeneration. We assessed the epithelial
wound healing by examining the formation of the F-actin purse string
(Martin and Lewis, 1992) and accumulation of β-catenin (Danjo and
Gipson, 1998) in addition to themorphological inspection, but the JNK
inhibition neither affected the accumulation of these molecules northe tissue contraction by the actin purse string (Supplementary Fig. 6).
Thus, it appears that the early epithelial wound closure and healing of
the zebraﬁsh ﬁnfoldmay not depend on the JNK signaling, and that the
JNK signaling is only required for the later regeneration process.
To further conﬁrm the timing of JNK action for regeneration, we
investigated the temporal requirement of JNK signaling. To do this, we
performed an inhibitor shift assay, in which the JNK inhibitor was
given during various deﬁned times during regeneration (Fig. 6A).
Following the inhibitor treatment and washout, the effect was
evaluated by the BrdU incorporation at 12–18 hpa (Fig. 6B). Most of
the short inhibitor treatments resulted in a signiﬁcant decrease in
regenerative cell proliferation (Fig. 6C). However, little effect on cell
proliferation was observed only when the treatment was done before
3 hpa (Fig. 6C), suggests that the JNK signaling is required in stages
later than 3 hpa, a stage when the epithelial wound healing is
completed (Fig. 1). Thus, the JNK-dependency of Junb and Junbl
phosphorylation is a hallmark of the regeneration stage.
Consistent with the above observation, we found that the
immediate early Jun phosphorylation cannot be down-regulated by
the JNK inhibitor (Fig. 6D), indicating that the phosphorylation of
Junbs becomes JNK-dependent only after the wound healing stage.
Though it has been suggested that MAPKs such as p38 have an
overlapping function with the JNK (Weston and Davis, 2002), neither
of the inhibitors against JNK, p38, MEK1/2, all of which are known to
Fig. 5. Impairment of regeneration by the knockdown of Junbl or Junb. (A–D) Reduction in pJun level by knockdown of junbl or junb. In larvae injected with junbl (A) or junb (B) MOs
into fertilized eggs, a reduction in the level of pJun at 12 hpa was observed in mesenchymal or epithelial regions, respectively (arrows), whereas the standard control MO (D) did not
affect the level (arrowhead). The junbl+ junb double knockdown abolished the pJun (C; n=10), indicating that the knockdown of junbl and/or junb effectively reduced their
corresponding protein levels. (E–H) Phenotypes of junbl and junb knockdown at 3 dpa (also see Supplementary Table 1). The junbl knockdown displayed a severe regeneration defect
(E), whereas the junb knockdown showed a deformed ﬁnfold phenotype accompanying a signiﬁcant ﬁnfold growth (F). The double knockdown produced the same phenotype as the
junbl knockdown (G). Although the junblmorphant had a slightly skinnymorphology (data not shown), the overall morphology and vitality of these morphants were nearly normal.
The scale bar represents 100 μmin (A). (I)Western blot analysis of Junb/bl protein level in the junb+ junbldouble knocked down larvae (0.5 mM+0.5 mM). The posterior tissue up to
5 somite segments was collected at 6 hpa, and the Junb/bl proteinwas detectedwith the anti-pJun antibody. A duplicated ﬁlter was stainedwith the Amido Black as a loading control.
(J) Quantiﬁcation of regeneration in the knocked down larvae. Regeneration was evaluated by the ﬁnfold length posterior to the notochord. Data are presented as the mean±SEM.
Statistical signiﬁcance was tested by using Student's t-test. In all cases of junbl and/or junbMO injections, regeneration was signiﬁcantly reduced (Pb0.001). However, in larvae in
which junb and junbl were knocked down, the junb MO had no synergetic effect on junbl MO. N.S., not signiﬁcant.
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2009), nor their combinations down-regulated the early Jun phos-
phorylation (Fig. 6D), suggesting that the immediate early Jun
phosphorylation is controlled by a signal other than MAPKs. Since
the immediate early pJuns could not be speciﬁcally knocked down, we
cannot dissect the effect of immediate early pJuns on later
regeneration. However, our data suggested that the JNK signaling is
required for the Junb and Junbl phosphorylation only after the wound
healing stage, and that the maintained pJunbs have necessary
functions for regeneration.
We also examined the effect of MAPK inhibitors on later Junb and
Junbl phosphorylation; however other MAPK inhibitors except for the
JNK inhibitor did not affect the Jun phosphorylation (Supplementary
Fig. 7), suggesting that the JNK is speciﬁcally required for Junb family
protein phosphorylation during the regeneration stage. As forregeneration, the MEK1/2 inhibitor had a slight inhibitory effect,
while p38 inhibitor did not affect regeneration.
Discussion
Here, we have provided several lines of evidence that the zebraﬁsh
Junb family molecules, Junb and Junbl, and their phosphorylation by
JNK play important roles in regeneration. We show that the sustained
expression and phosphorylation of Junb family proteins are one of the
key steps for promoting tissue regeneration. The phosphorylation of
Junb and Junbl is regulated by JNK signaling during the regeneration
stage, but not during the early wound healing stage. Our data suggest
that the transcriptional regulation of junb and junbl expression and
the post-transcriptional regulation of their protein activities enable
tissue regeneration in zebraﬁsh (Fig. 7).
Fig. 6. Temporal requirement of JNK signaling for ﬁnfold regeneration. (A) Experimental scheme of inhibitor shift assay to determine the temporal requirement of JNK signaling
during regeneration. The JNK inhibitor (5 μM) or DMSO (0.05 %) was applied at different timewindows, and proliferating cells were labeled by BrdU at 12–18 hpa. (B) Representative
results of BrdU labeling after temporal inhibition of JNK signaling. The regeneration-dependent cell proliferation (bracketed regions) was not signiﬁcantly reduced by the early
inhibitor treatment during 0–3 hpa. (C) Quantiﬁcation of cell proliferation. In all cases except the inhibitor application at 0–3 hpa, the inhibitor treatment signiﬁcantly reduced the
regeneration-dependent cell proliferation. Error bars depict SEM. *Pb0.05; **Pb0.01; N.S., not signiﬁcant. (D) Insensitivity of early Jun phosphorylation to the MAPK inhibitors. The
early Jun phosphorylation at 0.5 hpa was examined after treatment with inhibitors of JNK, p38, MEK1/2, or their combination. All inhibitors were used at 10 μM, starting the
treatment 1 h before amputation. The control DMSOwas added at 0.1%. None of the inhibitors had a signiﬁcant inhibitory effect on early Jun phosphorylation. We also tested another
p38 inhibitor, SB203580, and obtained the same result. Note that the epithelial tissue contraction by the actin cables around the stump was neither disrupted by these inhibitors. The
scale bar represents 50 μm in (B) and (D).
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A previous study has shown that the mammalian JunB proteins lack
the phosphorylation consensus sites and cannot be phosphorylated by
JNK (Kallunki et al., 1996). However, we showed in this study that the
zebraﬁsh Junb and Junbl retained a consensus phosphorylation site and
were indeed phosphorylated in response to a trauma. Though we did
not perform a direct biochemical assay of protein phosphorylation, the
induction of anti-pJun immunoreactivity in response to a trauma and
down-regulation of it by the JNK inhibitor strongly support that thezebraﬁsh Junb and Junbl proteins are actually phosphorylated in vivo. It
is surprising that the conservation of consensus phosphorylation site
waswidely present inmanyﬁsh species includingmedaka and fugu, but
not in the Xenopus frogs (Fig. 2A). Thus, the conservation of this
phosphorylation site is well correlatedwith regeneration capacities. It is
of interest to know whether or not the consensus site is conserved in
other regeneration-competent species such as urodele amphibians;
however these data were not available in the public database.
Regarding the function of JunB, a number of studies in mammals
have suggested a role in cell-cycle regulation, although both the
Fig. 7. Jun family proteins and their phosphorylation during regeneration. (A–D) The zebraﬁsh tissues respond to a wound in a similar way as the mammalian tissues, in which the
expression of c-jun and junb is immediately induced (B). In contrast to the transient activation of Jun molecules in mammals, the ﬁsh Junbl and Junb proteins remain to be expressed
and phosphorylated during the course of regeneration (C, D) by the action of JNK signaling. These transcriptional and post-transcriptional regulations of Junb and Junbl proteins are
crucial for the initiation and progression of regeneration.
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and Farràs, 2008). It has been proposed that JunB acts as an antagonist
of c-Jun to negatively regulate cell proliferation by suppressing the
expression of genes such as cyclin D1 (Bakiri et al., 2000). Similarly, in
the case of JunB-overexpressing transgenic mice, JunB accumulation
leads to cell-cycle arrest in G1 via the induction of the cell-cycle kinase
inhibitor p16INK4α Passegue et al., 2001. In contrast, it has also been
suggested that JunB may have cell cycle-promoting activity through
the cyclin A2 activation depending on the cell-cycle stage and the
environmental conditions (Andrecht et al., 2002). As the zebraﬁsh
Junb proteins are phosphorylated, they might exhibit unique and
distinct activities from the mammalian JunB. Our results suggested
that the phosphorylated Junbl has a positive role in cell-cycle
progression in the blastema, whereas the function of phosphorylated
Junb in cell-cycle control remains elusive except the maintenance of
epithelial gene expression. A more thorough analysis of Junb protein
functions and downstream target genes will be required to further
deﬁne their functions in ﬁsh tissue regeneration.
Importantly, the Junb family proteins appear to be involved in
other tissues as well as ﬁnfold and ﬁn. Previously, the up-regulation
of junb family genes was observed during heart regeneration (Lien et
al., 2006). Furthermore, we observed that trauma to the trunk and
other tissues also induced the prolonged expression of junb family
genes in zebraﬁsh (Supplementary Fig. 8). Therefore, it seems that
the Junb family molecules and their phosphorylation by JNK are also
the shared key steps that control and promote the tissue regenera-
tion process.
Regulation of regeneration-related gene expression
Given the role of Junb proteins and JNK signaling in regeneration,
what are the upstream regulators for the jun family expression and
JNK activation? The induction mechanism of immediate early genes
has been extensively studied, and it has been demonstrated that the
poised DNA polymerase complex trapped immediately downstream
of the target promoters is activated by the prompt recruitment of the
P-TEFb activation factor (Price, 2008). In view of the prompt
expression of zebraﬁsh c-jun, junb and junbl genes, it seems likely
that the zebraﬁsh jun family gene is also induced by the sameinduction mechanism. Though the ﬁrst signal for early gene induction
has not been known yet, it could be a cytokine released by thewounds
or a direct intracellular signal evoked by mechanical stretch and actin
re-organization (Gurtner et al., 2008).
The activation of immediate early genes such as c-Jun and JunB in
higher vertebrates usually does not last for a long time, whereas one
of characteristic features of ﬁsh junb family genes is their prolonged
expression during regeneration. An additional gene regulation
mechanism may exist for a sustained expression of junb family
genes. Recent studies have suggested that Wnt, Fibroblast growth
factor (Fgf), and Hedgehog (Hh) signaling have necessary roles in
adult ﬁn regeneration; and these could act as regulators for later gene
expression. However, as far as we examined, the inhibition of Wnt/
β-catenin signaling with dominant-negative TCF (Stoick-Cooper et al.,
2007b) or the inhibition of Fgf signaling with a chemical inhibitor,
SU5402, did not down-regulate the expression of regeneration-
induced genes such as junb and junbl (our unpublished data),
suggesting that these signalings may not be the regulators for gene
expression.
Interestingly, Mathew et al. (2007) has shown that early applica-
tion of glucocorticoids (GR) during the ﬁrst 4 h after amputation of
larval ﬁnfold results in defective regeneration and down-regulation of
regeneration-induced gene expression in ﬁnfolds. Since the GR
signaling is thought to be involved in the suppression of inﬂamma-
tory responses (Barnes, 1998), an inﬂammatory response and
downstream signaling might be responsible for the regulation of
regeneration-induced genes. Other than the GR signaling, molecules
and/or signals apparently involved in the regulation of gene
expression have not been identiﬁed yet. The tissue regeneration in
larval zebraﬁsh will provide a useful assay to dissect the mechanism
of gene regulation.
Control of Jun family protein phosphorylation
In this study, we revealed that the phosphorylation of Junb family
proteins by JNK is a key step for regeneration. On the other hand, the
phosphorylation of Jun family proteins started from the immediate
early stage, but this early Jun phosphorylation was neither under the
control of JNK and other MAPK signalings nor required for tissue
478 T. Ishida et al. / Developmental Biology 340 (2010) 468–479regeneration (Fig. 6D). Other signal(s) activated in response to the
wounds are thought to be responsible for early Jun phosphorylation,
but they also remain to be elucidated. Though we demonstrated that
only the early phosphorylation of c-Jun and Junbs could not support
regeneration, we cannot conclude that the early pJuns have nothing to
do with later regeneration stage. They might have roles for the
initiation of regeneration process.
In addition to the Jun phosphorylation, it has been suggested that
JNK signaling is also involved inmacrophage migration to the sites of
damage (Renshaw et al., 2006; Zhang et al., 2008). It is possible that
the lack of macrophage migration by the JNK inhibition and resulting
lack of growth factors and cytokines from the macrophage might
have caused the inability for regeneration. However, Mathew et al.
(2007) have previously shown that the ﬁnfold regeneration
normally occurred in the absence of myeloid cells by knocking
down the Pu.1, a key molecule for the myeloid cell differentiation
(Rhodes et al., 2005). Therefore, the effect on regeneration by the
JNK inhibitor may not be due to its action on the myeloid cell
migration, but a direct action on cells in the blastema and wound
epithelium.
In conclusion, our study revealed the necessary roles of
zebraﬁsh pJunbs in regeneration. We also showed that the later
JNK signaling and the resulting phosphorylation of Junb and Junbl
are crucial for regeneration. From these results, we propose a
model in which the cooperative regulation of junb gene expression
and JNK signaling support the ability of tissue regeneration.
However, only the Junb molecules and their phosphorylation may
not be the sole determinants, because the Xenopus tadpole, whose
Junb does not retain the phosphorylation site (Supplementary
Fig. 2B), can regenerate the tadpole tail and ﬁn, and infant
mammals partially retain the regeneration ability in their ﬁnger
tips and some tissues. It is thought that the expression of junb
genes, their native activities, and modiﬁcation of protein activities
by the JNK may cooperatively support tissue regeneration. Further
analysis of transcriptional regulation of regeneration-induced
genes including junb genes and regulation of JNK activation will
shed more light on the control mechanism by which regeneration
becomes set in motion.
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